The effect of supraoptimal temperatures (300C, 350C) on germination and ethylene production of Cicer arietinum (chick-pea) seeds was measured. Compared with a 250C control, these temperatures inhibited both germination and ethylene production. The effect of supraoptimal temperatures could be alleviated by treating the seeds with ethylene. It was concluded that one effect of high temperature on germination was due to its negative effect on ethylene production. This inhibitory effect of high temperature was due to increased conjugation of 1-aminocyclopropane-1-carboxylic acid to 1-(malonylamino)cyclopropane-1-carboxylic acid and to an inhibition of ethylene-forming enzyme activity.
Seeds germinate at a certain optimum temperature, above which germination may be delayed or inhibited, a phenomenon known as thermoinhibition (1) . This can be overcome by various phytohormones, one of which is ethylene, and indeed small quantities of this phytohormone are produced in some thermoinhibited seeds (1, 18) .
The optimum temperature for the germination of Cicer arietinum seeds is 25°C. At 30°C and above the emergence of the radicle is delayed and the capacity for ion exchange in the embryonic axis (1 1), genetic expression (26) , and cytokinin levels (25) are all affected. At 25°C ethylene production is related to cell growth (28) . In other tissues high temperatures appear to inhibit the conversion of ACC2 into ethylene rather than interfere with the SAM to ACC step (8) .
In plants ethylene is synthesized from methionine via adenosyl-methionine and ACC (30) . The conversion of SAM or adenosyl-methionine into ACC is catalyzed in the cytosol by ACC-synthase and is the principal point ofcontrol for biosynthesis ofethylene (29) . The mechanism for the transformation of ACC into ethylene is less well understood. However, EFE activity has been associated with the vacuole membranes (10) and other compartments of the cell (15) .
ACC is also metabolized into MACC in the cytosol (4) . The enzyme that catalyzes this reaction, malonyl ACC-transferase, This research was supported by grant from La Direcci6n General de Investigaci6n Cientifica y Tecnica (DGICYT) PB 87/0192. 2 Abbreviations: ACC, 1 -aminocyclopropane-1 -carboxylic acid; EFE, ethylene-forming enzyme; MACC, -(malonylamino)cyclopropane-l-carboxylic acid; SAM, S-adenosylmethionine.
or MACC-synthase, has been found in many plants (12) . Pech et al. (23) reported that under normal conditions MACC is not metabolized and accumulates in the vacuole. Nevertheless, according to Jiao et al. (14) , in some tissues the possibility exists that MACC is converted into ACC via MACC-acylase.
MATERIALS AND METHODS Vegetable Materials and Seed Germination
Seeds of Cicer arietinum cv Castellana (chick-pea) were bought commercially and stored at 4°C until required.
The seeds were washed in sterile, double-distilled water and incubated in batches of 50 at 25°C, 30°C or 35C, for a minimum of 6 h and a maximum of 36 h, in plastic trays containing 175 mL sterile distilled water. The percentage of germination was measured for all the times and temperatures, taking the emergence of the radicle as the definition of germination.
The embryonic axes and cotyledons were aseptically removed after incubation to measure ethylene production, levels of free and conjugated ACC, and activity of ACC-synthase and EFE.
Ethylene Measurements
Twenty five (500 mg) isolated embryonic axes and 10 (4.5 g) cotyledons were aseptically transferred to 50 mL flasks containing 0.5 mL distilled water. The flasks were sealed with silicone-rubber stoppers and incubated in darkness at 25°C. After 1 h, 1 mL samples were removed from the flasks and injected into a Carlo-Erba FTV-2350 gas chromatograph fitted with a flame ionization detector and 2 m x 4 mm glass column packed with 60-80 mesh Poropack-Q. The oven temperature was 70°C and the N2, H2, and O2 flow rates were 35 mL.min-', 30 mL.min-', and 300 mL-min-', respectively. Ethylene identification was based on the retention time compared with an C2H4 standard (purity, 99.9%) (28) .
Quantification of ACC and ACC Conjugate
At the various times assayed, 1 g of plant material was homogenized in 30 mL of cold ethanol (70%) and then extracted under reflux with boiling ethanol for 20 min. It was subsequently filtered through four layers of fine gauze and evaporated under a vacuum at 45°C, as described elsewhere (5, 24) . The residue was suspended in 2 mL double-distilled water and was then centrifuged for 20 min at 27,000g. The ACC content in the aqueous extract was determined by its chemical conversion to ethylene after the addition of NaOCl (19) with an efficiency of 75 to 85%. The conjugated ACC in the 1 mL ACC extract was quantified by hydrolyzing it to ACC in 6 M HCI at 100°C for 3 h, as described elsewhere (12) . The resulting solution was neutralized with saturated NaOH in a total volume of 2 mL, clarified by centrifugation, and then assayed before and after HCl-hydrolysis. The difference in ACC content was taken to represent the quantity of ACC conjugate in the extract.
ACC-Synthase Activity
We were unable to quantify ACC-synthase in vitro using the method described by Boller et al. (3) . It was assumed that enzymatic activity was lost during homogenization. As an alternative we estimated ACC-synthase in vivo by measuring the accumulation ofACC following incubation oftissue under anaerobic conditions. This procedure was based on the premise that inhibiting EFE activity by removing the required cofactor oxygen would result in the accumulation of ACC in the tissue. The following procedure was used (5) . Tissues from the chick-pea seeds were divided into two batches: ACC was determined in one sample before incubation and the other after incubation in nitrogen for 4 h. The nitrogen gas phase was created by placing tissues in a desiccator and removing the gas phase with a vacuum pump. After three exchanges with nitrogen the oxygen content was less than 0.1% (6) .
Preliminary experiments indicated that the accumulation ofACC was constant for at least 6 h. During this period ACCsynthase levels were not enhanced by anaerobiosis, since similar results were obtained in the presence or absence of 10 ,uM cycloheximide.
The ACC content of experimental material was determined immediately after the desiccator was opened. ACC-synthase activity production is expressed as an increase in ACC content in nmol h-' g9' fresh weight. Germination (h) Figure 1 . Ethylene production by whole seeds, embryonic axis, and cotyledons during a 36 h germination period at 2500 (A), 3000 (B), and 3500 (C). Each point is the mean of three replicates ± SE (vertical bars).
RESULTS

Effects of Supraoptimal Temperatures on Ethylene Production
The optimum germination temperature for chick-pea seeds was 25°C, using the appearance of the radicle between 12 and 24 h as an indication of germination. Supraoptimal temperatures decrease germination percentage. The addition ofethrel to the germination medium reverses the effect of heat and even produces a more rapid emergence of the radicle in thermoinhibited seeds than in the controls (Table I) . Figure 1 presents data on the rate of ethylene production of intact seeds (triangles), isolated axis (circles), and cotyledons (squares) at three different temperatures. The maximum rate of ethylene production occurred at 25°C. Higher temperatures tended to decrease the rate of ethylene production. The data indicate that cotyledons only produced a small proportion ofthe ethylene production observed. Most ofthe ethylene produced by seeds arose from axial tissue.
The Effect of Temperature on ACC-Synthase Activity
The increase in ACC-synthase activity in the embryonic axis during the first 24 h of germination at 25°C is shown in Figure 2A . Supraoptimal temperatures increased ACC-synthase activity over a 24 h experimental period (Fig. 2B) . Figure 3A shows that, at 25°C, free ACC increased during germination. However, increasing the temperature to 30°C and 35°C decreased the levels of free ACC (Fig. 3B) . Figure 4A presents data showing that conjugated ACC decreased during the growth of the embryonic axis. At 6 h conjugated ACC was 65 times higher than the quantity of free ACC. At 24 h this ratio fell to 5:1. An increase with temperature (Fig. 4B) ACC. This increase in conjugated ACC was opposite to the decrease in ACC levels and germination noted in earlier figures.
ACC Transport from the Cotyledons to the Embryonic Axis
The experiment shown in Figure 5 was performed to test the idea that the cotyledon was a source of axial ACC. As shown in Figure 5 (closed circles), the levels of cotyledonar ACC decreased during the germination process. Excising the embryonic axis at 0, 6, 9, and 12 h caused an accumulation of ACC proportionate to the time elapsed following the removal of the axis. Only a small amount of ACC leaked into the culture medium (Fig. 5, triangles) .
Variations in Conjugated ACC in the Cotyledons during Germination
Cotyledons of dry seeds did not contain free ACC (Fig. 5 ). On the other hand, levels of conjugated ACC (116.16 ± 5 nmol/g), were high in dry seeds and decreased to 8.0 ± 0.3 nmol/g after 18 h of germination (Fig. 6) . Removal of the embryonic axis at 0 h resulted in an accumulation of conjugated ACC in the cotyledon (Fig. 6) . Similarly an increase in temperature produced the same effect (Table II) . The presence of conjugated ACC in germination medium increased with time (Fig. 6 ).
The Effect of Temperature on EFE Activity
The EFE activity or ability of the embryonic axis to convert exogenous ACC into ethylene at 25°C is shown in Figure 7A . The rate of conversion was linear between 50 ,uM to 200 aM ACC. High temperatures decreased the rate of conversion of ACC into ethylene. As shown in Figure 7B , 30°C and 35°C caused an inhibition of ethylene production.
DISCUSSION
Ethylene has been shown to increase the germination of many species of seeds. In addition to its promotive effect on germination, it is also produced in increasing amounts during the germination process. The fact that ethylene both promotes germination and is produced during the process has made it difficult to tell if increases in ethylene are used by the plant to regulate germination (9) or if it is merely a by-product of the growing embryo (16) .
One purpose of this study was to investigate whether a decrease in ethylene production was associated with thermoinhibition in C. arietinum seeds. This paper presents results of an experiment measuring levels of ethylene, ACC, conjugated ACC, ACC-synthase, and EFE at supraoptimal temperatures (30°C and 35°C). Most ethylene production occurs in the embryonic axis. The cotyledons apparently make only a small contribution to the rate ofethylene production. At supraoptimal temperatures the ethylene production rate decreases in the embryonic axis and peaks earlier the higher the temperature (Fig. 1) . We have shown in a previous paper that in Phaseolus vulgaris ethylene production is controlled by the cotyledons (27) .
The levels and changes in activity of ACC-synthase are different in the embryonic axis compared with the cotyledon (Fig. 2A) . It increases in the axis during growth, while remaining low and constant in the cotyledon. No ACC-synthase activity was observed in the absence of the embryonic axis ( Fig. 2A, inset) . This suggests that the axis exercises some sort of control over ACC-synthase production, just as it does in other metabolic activities (2, 21) . Supraoptimal temperatures appear to stimulate ACC-synthase activity (Fig. 2B) . This should have increased ACC levels in the embryonic axis. However, the increase in ACC-synthase was associated with a decrease in ACC as well as germination (Fig. 3, A and B) . It has also been reported that high temperatures reduce ACC levels in lettuce (9) .
This decrease in ACC concomitantly with an increase in ACC-synthase may be due to an increase in conjugated ACC observed in heated seedlings (Fig. 4) . The data in Figures 3B  and 4B , together with the fact that the enzyme which is responsible for conjugating ACC, malonyl transferase, has a very low Km (14) leads us to suspect that high temperatures are responsible for the induction and accumulation of conjugated ACC. Reports have been published elsewhere on the cytosolic synthesis of conjugated ACC (4) and its storage in the vacuole (23). The levels of endogenous ACC in the embryonic axis are too high to be the product of ACC-synthase alone. Other supplementary mechanisms must, therefore, help in its generation. One of the mechanisms may be the transport of free ACC from the cotyledon (source-sink relationship). This hypothesis is supported by the data in Figure 5 : the levels of endogenous ACC decrease in the cotyledon (source) as germination progresses; the elimination of the embryonic axis (sink) at any given time provokes an accumulation of this precursor in the cotyledon, which is greater the shorter the time the axis has been joined to the cotyledon; and the germination medium has hardly anything to do with this balance in ACC. The fact that the elimination of one quarter or one half of each of the cotyledons considerably reduces the embryonic axis's ethylene production (data not shown) supports the idea of an ACC transport mechanism. Hoffman et al. (13) observed an accumulation of ACC in the embryonic axis of the peanut, which is in accord with the findings of Ketnng and Morgan (17) , who showed that ethylene is produced preferentially in the embryonic axis. One further mechanism for the production of ACC may be related to hydrolase activity (14) , which would explain the decrease in the conjugated ACC content in the embryonic axis (Fig. 4A) and cotyledon (Fig. 6 ). (Table II) .
The above findings suggest that thermoinhibition in C arietinum seeds is associated with a reduction in the ability to synthesize ethylene. One effect of high temperatures is to inhibit the conversion of exogenous ACC into ethylene (Fig.   7) . A reduction in the activity of EFE may be involved.
However, other researchers have suggested that the inhibition of germination by supraoptimal temperatures may not be due to a decline in ethylene-production capacity of lettuce seed (7) . With C. arietinum seeds the addition of Ethrel to the germination medium reverses the effect of heat and even produces a more rapid emergence of the radicle in thermoinhibited seeds than in the controls (Table i) .
Furthermore, as well as the effect that temperature has on the EFE, it must also be borne in mind that temperature reduces ACC levels, either by acting upon the conjugation of ACC or upon hydrolase activity, which would explain the results in Figure 1 .
In conclusion, the data presented here indicated that thermoinhibition of C. arietiunum seed germination may be due in part to an inhibition of ethylene production. We 
